Introduction
Pheromones are molecules that have evolved as signals between individuals of a particular species; these signals elicit a stereotyped behaviour and/or a developmental process [1] . The sophisticated colony organization of social insects is characterized by efficient communication systems based on pheromones, which are probably involved in all social activities such as foraging, sexual behaviour, defence and caste regulation [2] . Because the capacity to biosynthesize chemical compounds is finite and costly, strong evolutionary pressures have potentially led to the use of single products parsimoniously for multiple purposes [3, 4] . Such secondary use of chemical compounds that have evolved for other primary functions occurs in various social insects. For example, cuticular hydrocarbons that probably evolved primarily as an anti-desiccation layer are also used as a label for nest-mate recognition and task allocations in the Hymenoptera [5] . Although most organisms emit defensive chemicals to protect themselves against enemies such as pathogens and predators, defensive compounds are also used as pheromones in various insects [6] [7] [8] [9] [10] .
Eusocial insects display a remarkable degree of division of labour [2] , and the colony is defended by specific defenders in some species of these insects [11] [12] [13] . In termites, the task of colony defence is mainly performed by the soldier caste, which is morphologically specialized for this function [14] . Soldiers attack a foreign enemy with their cephalic weapons, the shape of which varies depending upon the taxonomic family [15] . In numerous species of Termitidae and Rhinotermitidae, soldiers have developed the frontal gland on their head, which secretes defence substances composed mainly of terpenes [16] . For example, the soldiers of Prorhinotermes canalifrons secrete (E)-1-nitropentadec-1-ene and (E,E)-a-farnesene, which are used as a toxin and alarm pheromone, respectively [17] [18] [19] . Terpenes have antimicrobial activities [20] , and it has been assumed that the terpenes secreted by termite soldiers are ordinarily used as antimicrobial substances. However, to the best of our knowledge, no studies have confirmed this.
Interestingly, the soldier head extract is also known to inhibit worker-to-soldier differentiation [21, 22] . In insects, juvenile hormone (JH) is important for regulating both metamorphosis and reproduction, and in eusocial insects, caste differentiation is also regulated by JH [23] . In termites, workers require high JH III titres to differentiate into presoldiers and, ultimately, into soldiers [24] [25] [26] [27] [28] . Ectopic exposure of workers to JH III or its analogues (JHA) via surface contact and feeding readily induces soldier differentiation [29] . Soldiers lose the ability to feed themselves and have to be fed by workers, so the proportion of soldiers is generally maintained at a low level in various termite species [30] . Therefore, it has been predicted that soldiers secrete a primer pheromone regulating new soldier differentiation in termites. Although a recent study reported that g-cadinene and g-cadinenal isolated from the soldier of Reticulitermes flavipes, showed stimulatory and inhibitory effects respectively, on soldier differentiation [31] , no studies have identified pheromonal activity using the authentic standard.
In Reticulitermes speratus, the soldier differentiation is inhibited by an increase in the number of soldiers despite administrating JH [32] ; thus, it has been predicted that soldiers of this termite secrete a primer pheromone that regulate caste differentiation. In addition, the soldier's head extract has attractive activity towards soldiers and workers [33] , whereas repelling the termite-hunting ant Brachyponera chinensis [34] . Although b-selinene, which is the major component of the soldier's head extract, is assumed to function as an attractant pheromone [33] , its pheromonal activity has not yet been identified. In this study, we used chemical analysis to identify a new component in the soldier's extract of R. speratus and determined that this compound arrests workers. We also showed that this compound has inhibitory effects on new soldier differentiation and exhibits fungistatic activity against entomopathogenic fungi.
Results (a) Gas chromatography profiles of extracts
To identify the pheromone produced by soldiers, soldier and worker extract were compared using gas chromatography mass spectrometry (GC-MS). We found that a large amount of single compound was only detected in both male and female soldier extract (figure 1a). The mass spectrum of this compound completely matched that of b-elemene (figure 1b,c), and the optical rotation value of this compound ([a] D 12 ¼ 2608 (CHCl 3 , c ¼ 0.01)) matched that of authentic standard of (2)-b-elemene. Therefore, the major component of soldier extract was identified as (2)-b-elemene, one of the sesquiterpenes, which is a class of terpenes with the molecular formula C 15 H 24 . Male soldiers had more (2)-b-elemene than female soldiers; the per capita amount of (2)-b-elemene was 22.5 and 12.0 mg in males of the two colonies (UR160505A and GR140822C), respectively (figure 1; electronic supplementary material, figure S1 ), whereas 10.7 and 5.8 mg in females. In addition, the soldier's head extract had less (2)-b-elemene than other body parts (electronic supplementary material, figure S2 ).
(b) Arrestant activity of (2) (d) Antifungal activity of b-elemene
As b-elemene exhibits antifungal activity against the rice blast fungus Magnaporthe oryzae [35] , it was assumed that this compound also exhibits the same activity against entomopathogenic or parasitic fungi. To confirm the inhibitory effects of this compound on mycelial growth, colonies of typical entomopathogenic fungi (Metarhizium anisopliae and Beauveria bassiana) and the egg-mimicking termite ball fungus [36, 37] were exposed to authentic (2)-b-elemene (figure 4a). However, the colony growth of termite ball was enhanced by the same dose of (2) 
Discussion
In termites, soldiers cannot survive without receiving care from workers because they are not able to feed themselves.
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Therefore, it is predicted that soldiers emit a particular compound that can call workers to stop. Our study revealed that (2)-b-elemene is the main volatile component of soldier extract of R. speratus (figure 1; electronic supplementary material, figure S1 ) and arrests workers for at least 15 min (figure 2). This suggested that, in R. speratus, soldiers arrest a passing worker by emitting (2)-b-elemene when soldiers need to be taken care of by workers. Although large workers of Nasutitermes princeps are recruited by (þ)-a-pinene secreted from soldiers when the colony is attacked [38, 39] , workers of R. speratus take refuge inside the nest in a similar situation [40] . Therefore, it is considered that (2)-b-elemene acts as an arrestant pheromone that induces workers to care for soldiers, not as an alarm pheromone that recruits workers for colony defence. Moreover, (2)-b-elemene was contained not only in the head but also in the other body parts in soldiers (electronic supplementary material, figure S2 ). Although it implies that the soldiers of R. speratus secrete the terpene from the frontal gland as well as other termite species, it also implies that termite terpenes are biosynthesized not only in the head but also in the other parts. Understanding the relationship between the sites of secretion and synthesis of terpenes in termites will be an issue to be addressed in future studies.
(2)-b-elemene also inhibits differentiation to soldiers upon exposure to JHA (figure 3). Although the increase in JH titre triggers the differentiation of workers to soldiers in Reticulitermes termites [24, 25] , the presence of soldiers decreases the differentiation rate despite administrating JH in R. speratus, suggesting the existence of a primer pheromone inhibiting soldier differentiation [32] . However, this pheromone has not been identified using an authentic standard, although g-cadinene and g-cadinenal isolated from the soldier head extract in R. flavipes, had stimulatory and inhibitory effects respectively, on soldier differentiation [31] . In this study, we identified the component of a pheromone inhibiting soldier differentiation using an artificial pheromone for, to our knowledge, the first time in termites. Although b-elemene was reported to be one component of a defensive substance, such as that secreted from the frontal gland of soldiers in the sand termite Psammotermes hybostoma [41] , from the osmeterial secretion of the swallowtail butterflies [42] [43] [44] and from the abdominal gland secretion of pupae of the carabid beetle Carabus lefebvrei [45] , this study is, to our knowledge, the first to report that b-elemene functions as a primer pheromone. Nevertheless, its inhibitory effect was not as strong as that of the soldier extract (figure 3), suggesting that b-elemene is at least one component of this pheromone. The other minor components that were unidentified in this study might be needed for the perfect inhibitory effect.
Terpenes exhibit antimicrobial activities [20] , and a recent study reported that b-elemene exhibits antifungal activity against a rice blast fungus Ma. oryzae [35] . Therefore, it was (figure 4b,c) . Reticulitermes speratus lives inside rotten wood (a microorganism-rich habitat), and members of this species cannot live in such a space unless the inside of the nest is coated with the antimicrobial substances secreted by workers [36] . In this study, we revealed that not only workers but also soldiers secrete fungistatic substances to prevent pathogens from intruding into the nest. This suggests that soldiers were involved in chemical defence against pathogens. In wild colonies of R. speratus, many soldiers always surround the royal chamber in which the king and queens are located [46] ; therefore, soldiers may protect reproductives from infection by pathogens. In termites, soldiers originally developed the synthetic ability of various terpenes for anti-predatory defence [47] . It is also known that the biosynthetic pathway of terpenes has been developed in soldiers but not in workers [48] . The lack of the ability of terpene biosynthesis in workers would reasonably explain why soldiers produce this compound rather than workers.
Our results also showed that (2)-b-elemene somewhat enhanced the mycelial growth of termite ball colonies (figure 4d), suggesting the result of adaptation to the environment in termite nests. Termite balls are the sclerotia of athelioid fungi of the genus Fibularhizoctonia [36] , which are found in egg piles of various termite species, including the genus Reticulitermes [49] [50] . Termite balls mimic termite eggs both chemically [51] and morphologically [37] , and are protected from desiccation and other microorganisms by workers. Although a few deformed sclerotia are removed from egg piles [36] , it is considered that they germinate on termite excretions and then produce new termite balls, which are transported to egg piles by termite workers again. It is possible that termite balls use the termite's antimicrobial substances including b-elemene as a kairomone, indicating a place where germination is allowed.
It is considered that termite pheromones were originally used only as antimicrobial defence agents, and their communicative function evolved secondarily [52, 53] . For example, the termite egg recognition pheromone evoking egg-carrying and egg-piling behaviours of workers has antibacterial activity against a Gram-positive bacterium [54] . The volatile queen pheromone of R. speratus not only inhibits the differentiation of new reproductives but also evokes the orientation behaviour of workers to queens and eggs [55] , promotes the production rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171134
of salivary lysozyme in workers [56] and suppresses the germination of termite balls [53] . As well as these pheromone components, the compound in soldiers newly identified in this study had a function as the worker arrestant, an inhibitory effect on new soldier differentiation and fungistatic activities against entomopathogenic fungi. Therefore, it is considered that (2)-b-elemene originally functioned only as a fungistatic substance derived from soldiers in R. speratus, and then came to be used for soldier recognition and as an inhibitory pheromone. Our results provide important insights into the origin of termite pheromones and an opportunity to reconsider the role of soldiers in eusocial insects.
Material and methods (a) Termites
Termite colonies of R. speratus (colony codes: GR140822C, TA160402A, YO160430A, YO160504A, UR160505A and OO160505A) in a secondary forest were sampled from August 2014 to May 2016. GR140822C was in Shiga, and the other colonies were in Kyoto, Japan. No specific permits were required for the described field studies and no specific permissions were required for access to the locations and performing the activities for termite sampling because they are public lands and not privately owned or protected in any way. These field studies did not involve endangered or protect species.
(b) Chemicals
To extract chemical compounds from the whole-body extracts of soldiers and workers, 10 individuals were shaken in a 10 ml glass centrifuge tube containing 1 ml hexane (Wako Pure Chemical Industries) for 5 min within one month from the date of sampling of termite colonies. These hexane crude extracts were transferred into new glass centrifuge tubes and kept at 2208C until use. . Column temperature was raised from 408C (5 min) at 108C min 21 to 2508C (10 min). One portion (1 ml) of hexane extract was injected for each sample. The injection was splitless, with helium as carrier gas (1 ml min 21 ). MS data were obtained under the following conditions: ionization current, 34.61 mA; ionization energy, 70 eV; accelerating voltage, 2 kV; and scan range, 332550 m/z. Both the gas chromatographic system and the mass spectrometer were controlled using GC/MSD Chemstation software (G1701DA v. D.02.00.275; Agilent Technologies). Candidate compounds were predicted from Wiley 7th edition/ NIST 05 MS Library Revision D.05.00 (Agilent Technologies). Compounds were identified according to the retention time and the mass spectra compared to authentic standards. The total amount of pheromone in each extract was calculated by comparison with an external standard curve (regression R 2 ¼ 0.99). For GC-MS analyses of the whole-body extracts, extracts of female and male soldiers from two colonies (GR140822C and UR160505A) were obtained. Also, for analysing the source of pheromone compound, the extracts of head and the other body parts in soldiers from two colonies (YO160430A and YO160504A) were obtained. The optical rotation values were measured with a JASCO P-1010 polarimeter (c ¼ 0.01 in chloroform). The hexane extracts of soldiers derived from two colonies (YO160430A and YO160504A) were mixed and confirmed that the mixed extract contained only b-elemene by using the GC-MS analysis. This extract was dried under a high-purity nitrogen stream, and then resuspended with chloroform (Wako Pure Chemical Industries) to achieve 0.1 mg ml 21 of (2) rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171134
and we compared the optical rotation values between the extract and the standard.
(d) Arrestant bioassay
Before used in the bioassay, about 2000 termites were put into a 140 mm plastic dish with moistened 90 mm filter paper at 258C for 2 days under a long-day photoperiod (16 L : 8 D) . Two days later, we placed 20 workers in a 35 mm plastic dish, in which two pieces of semicircular 30 mm filter paper had been placed in advance at both ends of its polished bottom surface. A total of 10 ml sample solution were dropped on the left paper, and the same amount of solvent (hexane) was dropped on the right paper (figure 2a). Both papers were dried for about 5 min to remove the solvents. Subsequently, each paper was moistened with 80 ml distilled water (DW) and was placed on the bottom of the dish. We put the lids on the dishes during experiments. To record the numbers of workers on each paper, we took vertical photographs of each dish after 15 min with a digital camera (EOS Kiss Digital N þ EFS 60 mm f/2.8 Macro USM; Canon). We examined the worker arrestant activity to b-elemene. To test the dose-dependency of b-elemene, a standard solution containing 0.1 mg of authentic standard of (2)-b-elemene (Abcam) diluted in 1 ml hexane was prepared, and this standard solution and 10-to 10 000-fold diluted hexane solutions of it were used. The workers from four colonies (TA160402A, YO160430A, YO160504A and OO160505A) were used within one week from the date of collection of each colony.
In the control treatment, hexane was dropped on both left and right papers. The soldier extract derived from the colony TA151024A was used as a positive control. Fifteen replications per colony were made for each treatment, except the control treatment (20 replications per colony). For evaluation of arrestant activities, the aggregation rate (the ratio of the number of workers on the left paper to the number of workers on both papers) was compared among treatments. Statistical analyses were performed using R software (v. 3.0.3). Comparisons were performed with a generalized linear mixed model (GLMM) with a binomial distribution followed by Dunnett's test using the lme4 and multcomp packages. In the model, Rate ¼ Treatment þ (1 j Colony) þ (1 j ID), where Rate is the aggregation rate, Treatment is a fixed factor with variables, (1 j Colony) is a random effect of termite colonies and (1 j ID) is a random effect of dishes, where multiple replications were run per colony in each treatment. Thus, each ID was nested within Colony to account for pseudoreplication. All graphs were generated with ggplot in the ggplot2 package in R software (v. 3.0.3).
(e) Test of inhibition of soldier differentiation
To test the effects of the identified compound of soldier extract on caste differentiation, a presoldier induction bioassay was conducted using a commercially available authentic sample of (2)-b-elemene in combination with JHA, hydroprene (S-hydroprene; Sigma-Aldrich). The bioassay treatments included the following: control (100 ml hexane containing 46.5 mg hydroprene), soldier extract (46.5 mg hydroprene in hexane þ0.1 soldiers equivalent in hexane) and b-elemene (46.5 mg hydroprene in hexane þ2 mg (2)-b-elemene in hexane). The soldier extract was prepared as described above using soldiers from the YO160504A colony.
(2)-b-elemene quantity was estimated by GC-MS from 0.1 soldiers equivalent as described above. Treatments were delivered in hexane to 30 mm filter papers (Advantec No. 2; Toyo Roshi Kaisha), which doubled as a food source in the bioassays. No alternative food was provided. After volatilizing the solvent, each paper was moistened by 150 ml DW. We placed 40 workers and the papers in a 35 mm plastic dish before putting on the lid. Each treatment was replicated 10 times independently on each of two colonies (YO160504A and UR160505A). Bioassay dishes were placed in sealed containers and kept at 258C under a long-day photoperiod (16 L : 8 D). Presoldier formation (determined based on the presence of elongated mandibles and white coloration [57] ) and mortality were scored after 15 days. DW was added if needed. The comparisons of presoldier rate (the proportion of presoldiers among all living termites in each dish) were performed with a GLMM with a binomial distribution followed by Tukey's HSD test using the lme4 and multcomp packages in R software (v. 3.0.3). In the model, Rate
where Rate is the cumulative presoldier rate, Treatment is a fixed factor with variables, (1 j Colony) is a random effect of termite colonies and (1 j ID) is a random effect of dishes, where multiple replications were run per colony in each treatment. Thus, each ID was nested within Colony to account for pseudoreplication. The mortality was compared between treatments using a GLMM with a binomial distribution followed by Tukey's HSD test using the lme4 and multcomp packages in R software (v. 3.0.3). In the model, Mortality ¼ Treatment þ (1 j Colony) þ (1 j ID) , where Mortality is the cumulative mortality rate for 15 days, Treatment is a fixed factor with variables, (1 j Colony) is a random effect of colonies and (1 j ID) is a random effect of dishes, where multiple replications were run per colony in each treatment. Thus, each ID was nested within Colony to account for pseudoreplication. The graphs were generated with ggplot in the ggplot2 package.
(f ) Bioassays for effect of b-elemene on fungal growth
The antifungal activities of (2)-b-elemene against termite ball (Fibularhizoctonia sp.) and entomopathogenic fungi (Me. anisopliae and B. bassiana) were tested in accordance with the procedure described previously [53] . The termite ball strain used in this bioassay was isolated from a termite colony in Mount Uryuzan, Kyoto, Japan, in 21 September 2014. To isolate termite ball fungi, we extracted termite balls from the nest. They were rinsed with DW and then arranged on an agar plate containing 4 ppm benzimidazole after field collection. Each termite ball was inoculated on a potato-dextrose agar (PDA; BD Difco) plate and incubated at room temperature. A newly developed sclerotium was reisolated from the plate and cultured on a new PDA plate. The strains of the entomopathogenic fungi, Me. anisopliae (NBRC31961) and B. bassiana (NBRC103721), were provided by the Biological Resource Center (National Institute of Technology and Evaluation). Pathogenicity of these entomopathogenic fungi to R. speratus has been demonstrated [58] . These fungal strains were cultured on PDA plates at 278C. The assay was performed by placing a 5 mm diameter plug of growing mycelia from each fungal culture onto a Petri dish (90 Â 15 mm) with each test chemical (figure 4a). A standard solution containing 1 mg of (2)-b-elemene diluted in 1 ml hexane was prepared, and 20 ml of this solution was dropped onto a 5 mm filter paper. As a control, the same amount of hexane was dropped onto the filter paper. These filter papers were dried for about 5 min to remove the solvents. The fungal plug and the filter paper were placed on PDA in the Petri dish apart from each other. The Petri dishes were wrapped with two layers of Parafilm and incubated at 278C for 15 days. Ten replicates were made for each treatment of each fungus. To measure the size of mycelia (colony area in square centimetre), we took vertical photographs of each dish every 3 days after inoculation with a digital camera (EOS Kiss Digital N þ EFS 60 mm f/2.8 Macro USM; Canon). We counted the total number of pixels in the fungal colony area using ADOBE PHOTOSHOP CS6 Extended (Adobe Systems, Inc.), and then calculated the colony area on the basis of its value. Data were analysed by repeated-measures ANOVA using Stats package in R software (v. 3.0.3). In the model, Area ¼ Treatment þ (1 j Day), where Area is the fungal colony area, Treatment is a fixed factor with variables and (1 j Day) is a random effect of days, where multiple replications were run per day in each treatment. Thus, each replication was nested within Day to account for pseudoreplication. Homogeneity of variance was assessed by Levene's test, and all datasets were determined to be adequately homogeneous rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171134
